Development of an optical membrane for humidity by Mohr, Gerhard & Spichiger-Keller, Ursula
Mikrochim. Acta 130, 29-34 (1998) Mikrochimica Acta 
9 Springer-Verlag 1998 
Printed in Austria 
Development of an Optical Membrane for Humidity 
Gerhard J. Mohr* and Ursula E. Spichiger-Keller 
Centre for Chemical Sensors, ETH Technopark, Zurich, Switzerland 
Abstract. 4-(N, N-dioctylamino)-4'-trifluoroacetyl-azo- 
benzene (ETH T 4001), together with the catalyst 
tridodecylmethylammonium chloride, is dissolved in 
the hydrophilic polymer polyurethane Tecoflex. The 
resulting membrane layers show high sensitivity 
toward water vapour and allow the application of 
the membranes for humidity measurements. Upon 
exposure to humid air, the membrane exhibits adecrease 
in absorbance at a wavelength around 490 nm and an 
increase at around 430nm. This signal change is 
caused by the conversion of the trifluoroacetyl group 
of the reactand into a diol, thus changing the electron 
delocalisation of the reactand. The sensor layer exhi- 
bits a dynamic range from 1% to 100% RH with 
highest sensitivity in the 5%-40% RH range. The 
limit of detection is 0.5% RH. The amount of added 
catalyst enables the sensitive range to be tailored. The 
selectivity over' ethanol and carbonate is sufficient for 
the membrane to be used for long-term measurements 
of air. The change in colour of the humidity-sensitive 
membrane from red to yellow also means it can be used 
as an optical test strip. 
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ETH T 4001. 
Monitoring humidity is important for both human 
comfort and in those industrial processes where water 
vapour might affect the quality of products. The 
humidity sensors available today are based on physical 
methods uch as capacitance or resistance measure- 
ments of polymers and ceramics [1, 2]. These sensors 
usually exhibit a linear sensitive range from 0 to 100% 
* To whom correspondence should be addressed 
relative humidity (RH) with response times being in 
the range of around 5 min. Their low drift means they 
can be used discontinuously over one year without 
recalibration. However, the sensor clevices are expen- 
sive and are sometimes affected by exposure to liquid 
water or organic solvent vapours. 
During the last decade, optical sensors have 
become increasingly important since they can poten- 
tially be miniaturized, they are relatively cheap and 
simple to set up, and they allow continuous and 
reversible measurements. Among these are optical 
sensors for humidity that rely on the reaction of metal 
ion complexes with water resulting in colour changes 
such as cobalt(II) chloride [3] or on luminescence 
changes in calcein or metallo-porphyrines [4, 5]. 
Another approach is based on the response of 
polarity-sensitive dyes to humid gases [6, 7]. 
Recently, a water sensor has been developed which 
is based on luminescence quenching in an osmium 
complex [8]. The phosphorescence of the luminophore 
allows the luminescence lifetime of the complex 
rather than its intensity to be measured. This can be 
done independent of bleaching or leaching of the 
indicator. 
Trifluoroacetophenone derivatives have been 
reported to interact selectively with alcohols [9, 10] 
and humidity [11]. However, these derivatives have 
their wavelength of maximum absorbance at around 
305 nm and they exhibit low absorption coefficients 
(typically around 6000 1 mo1-1 cm-1). We have, there- 
fore, recently developed the new chromogenic reac- 
tand ETH T 4001, which has comparable sensitivity 
and selectivity but with absorbance shifted by more 
than 200nm into the visible spectral range [12, 13]. 
The name "reactand" was coined, in analogy with the 
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term " l igand" ,  for the class of  host compounds which 
react reversibly with an analyte or target compound 
[14]. In our research, the reactand was embedded in 
plasticizer-free polyurethane, together with the basic 
catalyst r idodecy lmethylammonium chloride, and the 
resulting humidity-sensit ive membranes were investi- 
gated in terms of  sensitivity, selectivity, response, 
effect of catalyst, and operational/shelf  l ifetime. 
to the reactand) and t00 mg of EG80A in 1.5 ml of DCM. A dust- 
free glass plate was placed in a spin coating device with a DCM- 
saturated atmosphere 0.3 ml of the solution was transferred onto 
the rotating glass support. Then, the resulting membranes were 
placed in ambient air for drying, upon which they gradually turned 
from red to orange/yellow in humid air. Before measurements, the 
membranes whose thickness was in the range of 2-5 p.m were 
conditioned in distilled water in order to activate the catalyst. 
Results 
Experimental 
Apparatus 
A gas flow system similar to the system presented in ref. 11 was 
designed. In essence, it included mixing humid air with dry air in 
well-defined proportions. The humid air was obtained by bubbling 
dry air through wash bottles filled with double-distilled water. The 
optical measurements were performed by securing the humidity- 
sensitive layers in a flow-through cell located in the spectro- 
photometer and pumping air with different humidities at a flow rate 
of 1.21rain -1 through the cell. The relative humidity and temper- 
ature of the humid vapour was measured via a commercial e ectronic 
hygrometer HP101A-PI5 from Rotronic AG (Bassersdorf, Swit- 
zerland). The absorption spectra of the humidity-sensitive layers 
were recorded on a Uvikon 942 spectrophotometer from Kontron 
Instruments (Ztirich, Switzerland) at 24 i l  ~ The ethanol gas 
concentrations were obtained by bubbling dry air through wash 
bottles containing aqueous solutions of ethanol. The ethanol 
concentrations in the gas phase were then calculated according to 
ref. 15. 
Materials 
All reagents were of analytical grade. The polyurethane Tecoflex 
EG 80 A was obtained from Thermedics Inc. (Woburn, MA). 
Tridodecylmethylammonium chloride (TDMACI) and dichloro- 
methane (DCM) were fiom Fluka AG (Buchs, Switzerland). 
The synthesis of ETH T 4001 has already been described in 
detail [13]. 
Preparation of the Sensor Layers (see Table 1) 
Sensor membranes M1-M3 were obtained by dissolving 2.0 mg of 
ETH w 4001, the respective quantity of TDMACI (0.44 mg for M1, 
20 tool% relative to the reactand; 4.4 mg for M3, 200 tool% relative 
Choice o f  Reactand and Polymer 
The reactand, ETH T 4001, is an azo dye which 
consists of  the azobenzene chromophore,  and a 
terminal a lkylamino and trif luoroacetyl group. The 
alkylamino group acts as an electron donor and the 
octyl chains attached to the nitrogen atom render the 
reactand l ipophi l ic  and thus soluble in po lymer  
materials. The trif luoroacetyl group of the reactand 
acts both as an electron acceptor and as an interactive 
site for nucleophil ic species. The reaction of  the 
trif luoroacetyl group with alcohols or water to form 
hemiacetals and diols, respectively, results in a signi- 
ficant decrease in its acceptor capacity and, therefore, 
in a blue-shift of  the absorbance spectrum. 
Tecoflex EG 80 A, the matrix chosen in this study, 
is a thermoplastic al iphatic polyurethane which is 
synthesized from methylene bis(cyclohexyl)di isocya- 
nate, poly(tetramethylene ether glycol),  and 1,4- 
butanediol.  Consequently, the material  exhibits rela- 
t ively high hydrophil icity. This is shown in its high 
water uptake which, depending on the specification, 
can range from as small as 1% to over 1000%. The 
present po lymer exhibits a water uptake of around 3 -  
5%, which reduces swell ing effects on the response. 
The material  shows higher hydrophi l ic ity than 
plast icized PVC, plast ic ized PVC being the matrix 
general ly used in ISEs and optodes. In the present 
case, this hydrophi l ic i ty is thought to have a posit ive 
effect on the selectivity and sensitivity of the humidity 
Table 1. Compositions and sensor characteristics ofM1-M3, composed of the reactand ETH T 4001 and the polymer EG80A 
TDMACI RSC a LOD b Forward/reverse Forwardh-everse response 
response (uncond.) ~ (cond.) d
MI 20 mol% c 80% 0.5% 3-4 h/>4 h 15-20 mird30-50 rain 
M2 0 mol% 80% 0.5% 3-4 h/>4 h 3-4 h/>4 h 
M3 200 tool% 80% 0.2% 3-4 b2>4 h 10-15 rain/20-30 min 
a RSC Relative signal change between itrogen and water measured at 500 nm. 
b Limit of detection. 
c Response of the unconditioned sensor membranes. 
d Response of the membranes conditioned in distilled water prior to use. 
Amount of TDMACI relative to the reactand ETH r 4001. 
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sensors. In addition, the polyurethane xhibits good 
flexibility even without the use of a plasticizer. The 
omission of a plasticizer is generally advantageous 
because plasticizers evaporate at elevated tempera- 
tures and thus affect the shelf-lifetime. The mechan- 
ical stability of polyurethane membranes i  superior to 
that of plasticized PVC membranes. Tecoflex is bio- 
compatible and the fact that it is an aliphatic 
polyurethane implies that there are no carcinogenic 
by-products. The lack of aromatic moieties in the 
polymer also prevents yellowing, which is generally 
important in materials used in optical sensing. 
Sensor Response 
On exposure to dry air, membrane M] exhibited an 
absorbance maximum at around 490 nm correspond- 
ing to the trifluoroacetyl form of the reactand. 
Exposure to humidified air resulted in a decrease in 
the absorbance at 490 nm and a new maximum was 
formed at aronnd 430 nm, which corresponded to the 
diol form of the reactand (Figs. 1 and 2). The relative 
signal change of MI when changing from 0 to 100% 
RH was as high as 80%. The LOD was found to be 
0.5% RH. The relative standard deviations for 1.9% 
and 84.5% RH (n = 10) were determined to be 1.36% 
and 0.79%, respectively. The forward response time 
t95 (for 95% of the total signal change to occur) was in 
the range of 3-4  h, whereas the time for the reverse 
response was in the range of 4 h. In order to shorten 
the response time, the membrane was preconditioned 
in distilled water for 10 min in order to activate the 
catalyst by converting the tridodecylmethylammo- 
8- OH 
O~x/ - -  R + TDMA+OH - ~ = TDMA + 
F3C ~ F 3~. . . /~  O- 
"R 
F3o L + H2o 
"r "m 
HO OH 
F3C ~ + TDMA +OH- 
TDMA + tridodecylmethylammonium cation 
/C8H~7 
Fig. 1, Schematic representation f the proposed mechanism of the 
base-catalyzed recognition of humidity; see also ref. [11]. Only a 
small fraction of TDMACI is assumed to be converted into the 
hydroxide during conditioning in water 
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Fig. 2. Absorbance spectra of M1 (ETH T 4001, 20mo1% 
TDMACI) in contact with different concentrations of humid air. 
When changing from dry to humid air, the trifluoroacetyl group of 
the reactand ETH T 4001 is converted into a diol. The chemical 
reaction is fully reversible 
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Fig. 3. Short ime reproducibility of MI on alternate exposure to 
1.9% and 85.2% RH, measured ata wavelength of 500 nm. The 
membrane M1 was used immediately after preparation and 
conditioning in distilled water for 10min prior to use. The slope 
of the response indicates the continuous increase in response time 
nium chloride into the respective hydroxide (Fig. 1, 
[11]). The forward response time, t95 , of the resulting 
sensor was in the range of 15-20 min, whereas the 
time for the reverse response was in the range of 30-  
50 min (Fig. 3). However, this activation was found to 
decrease continuously and, after 2 weeks, the response 
times of M1 went down to reach the initial values of 
the unconditioned membrane. 
In order to investigate the effect of TDMACI on the 
sensor response, membranes without TDMACI (M2) 
and with 200 mol% of TDMACI (M3) were prepared. 
The presence of TDMACI turned out to affect both 
the sensitivity and response of the membranes. 
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Fig. 4. Work functions of M1-M3 on exposure toair of different 
humidities, measured ata wavelength of 500 nm. The value for 
100% RH is obtained by immersing the membrane in water 
Without TDMACI, the response time for changing 
between dry and humidified air was in the range of 3- 
4 h for both forward and reverse responses regardless 
of whether the membranes M2 were preconditioned in 
water. Sensor membranes containing 20mo1% 
TDMACI (M1) showed fast responses after precondi- 
tioning, whereas without preconditioning, the re- 
sponse times were similar to M2. Pre-conditioned 
membranes M3 containing 200mo1% of TDMACI 
behaved comparable to membranes M1 in that they 
exhibited a fast response after preconditioning, and a 
slow response without preconditioning. 
Whereas both M1 and M2 exhibited a similar 
sensitivity to humidified air, M3 exhibited a signifi- 
cantly enhanced sensitivity with a LOD of 0.1% RH 
(Figure 4). It is important to notice that in no case did 
preconditioning of the membrane in water affect the 
calibration plot. A compilation of the characteristics 
of M1-M3 is found in Table 1. 
Selectivity Toward Ethanol and Carbon Dioxide 
The hydrophilic polymer polyurethane, Tecoflex, used 
in this investigation, favors the extraction of water 
into the sensor membrane. Therefore, the sensor 
membrane should be relatively insensitive to ethanol 
and carbon dioxide. 
M1 was exposed to 52Pa ethanol at 25% RH and 
103 Pa ethanol at 50% RH. In both cases, the presence 
of ethanol did not have any effect on the relative 
signal changes. In order to investigate the cross- 
sensitivity to carbon dioxide, the sensor membrane 
M1 was exposed first to air of different RHs, and then 
to carbon dioxide of different RHs. No difference in 
the relative signal changes was observed, regardless of 
whether air or carbon dioxide was the carrier gas for 
the water vapour. 
Discussion 
Effects of Reactand and Polymer on the Performance 
of the Humidity-Sensitive M mbranes 
The reactand, ETH w 4001, embedded in the poly- 
urethane Tecoflex shows a significant change in 
absorbance on exposure to humid air. This response 
is catalyzed by the presence of TDMACI (Fig. 1), but 
also takes place without a catalyst. This response is 
brought about by water nucleophilically reacting with 
the highly electrophilic trifluoroacetyl group to form a 
diol. The conversion of the trifluoroacetyl group into 
the diol changes the optical properties of the dye by 
shifting the maximum of absorbance from 490 nm to 
around 430 nm. 
The reactand, ETH T 4001, has already been used 
for sensing alcohols [12, 13]. The reactand was placed 
together with the basic catalyst TDMAC! in PVC 
plasticized by dioctylsebacate. The sensitivity of the 
alcohol sensor membrane was in the 1.0-50vo1% 
range with relative signal changes of around 50% for 
50vo1% of ethanol. The response of the alcohol 
sensor was mainly governed by the lipophilicity of the 
alcohols, which indicates that the response was 
mainly caused by the extraction of alcohols into the 
polymer membrane, followed by the chemical reac- 
tion with the trifluoroacetyl group. Using the more 
polar plasticizer, ETH 8045, together with PVC as 
the polymer matrix, the relative signal changes of 
the sensor membrane on exposure to ethanol were 
reduced by a factor of two. This indicates that a 
more polar matrix disfavors the extraction of 
alcohols into the sensor membrane and decreases its 
sensitivity. Exchanging the matrix of the alcohol 
sensor (plasticized PVC) by polyurethane r sulted in a 
membrane which, upon exposure to water, already 
underwent full conversion of the trifluoroacetyl group 
into the diol, and no further reaction with alcohols 
occurred. As a consequence, the use of the hydro- 
philic polyurethane favours the extraction of water and 
thus provides an appropriate matrix for a humidity 
sensor. 
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Trifluoroacetophenone derivatives have also been 
used for sensing carbonates in ion-selective lectro- 
des, relying on the interaction of the nucleophilic 
carbonate anion with the trifluoroacetyl group. We 
therefore investigated the response of M1 to carbon 
dioxide. However, no significant effect on the relative 
signal changes was observed when M1 was exposed to 
humid carbon dioxide instead of humid air [16]. 
The hydrophilic polymer polyurethane has a signi- 
ficant effect on the response times of the humidity 
sensor membranes. Due to the hydrophilicity of the 
polymer, there is a significant water uptake, which 
is converted into an optical signal by the reactand 
ETH T 4001. Since this water uptake is known to be 
relatively slow, the response times of the sensor 
membranes are slow as well, generally in the range of 
3-4 h. The slow response, however, is also due to the 
fact that the chemical reaction takes considerably 
more time than the physical interaction. The polar 
hydrophilic matrix also seems to affect the response 
time, since it is assumed that the catalyst slowly 
decomposes after conditioning in water (see next 
section). In the case of the alcohol sensors based on 
the unpolar matrix PVC and dioctylsebacate, a 
deterioration i  the response similar to the humidity- 
sensitive membranes i not observed. The alcohol 
sensors remain operationally stable for over one week 
without any significant decrease in response [13]. 
Effect of the Additive on the Response 
The ion exchanger TDMACI has a significant effect 
on the response of the sensor membranes composed of 
the polyurethane polymer and ETH T 4001. As has 
already been shown for humidity sensors based on 
trifluoroacetyl derivatives [11], the response time is 
tremendously improved in the presence of TDMACI. 
Wang et al. [11] assumed that the catalytic effect of 
TDMACI is based on the partial exchange of chloride 
with hydroxide during preconditioning of the sensor 
membrane inwater. The basic membrane environment 
is then thought o catalyze the conversion of the 
trifluoroacetyl group into a diol. They confirmed 
the assumption for an exchange of chloride against 
hydroxide during membrane conditioning by using 
tridodecylmethylammonium thiocyanate instead of 
chloride as the catalyst. Due to the lipophilicity of 
thiocyanate, the anion was not exchanged with 
hydroxide during conditioning in water and no 
catalytic effect was observed. However, there was 
no evidence that simple conditioning of the sensor 
membrane in water resulted in a conversion of the 
tridodecylmethylammonium chloride into the strongly 
basic and unstable hydroxide. 
In the present work, a comparable behaviour of the 
sensor membranes is observed. Without TDMACI, the 
response is in the range of 3-4h, whereas in the 
presence of TDMACI, the response can be in the 
range of 15-30rain. Again, preconditioning of the 
sensor membranes in water is required to obtain this 
enhancement in response time. Unfortunately, the 
positive ffect of the conditioning process is reversed 
after approximately two weeks and a slow response 
similar to the unconditioned membranes i  observed 
again. We assume the slow decomposition of the 
catalyst tridodecylmethylammonium hydroxide to be 
the reason for this increase in response time. Sensor 
membranes that were stored in dry air for one month 
and then preconditioned in water responded fast to 
humidity. In contrast, membranes that have been 
preconditioned and then stored for one month 
exhibited a slow response time similar to that of the 
membranes without any catalyst. This suggests that, 
during the conversion of the tridodecylmethylammo- 
nium chloride into the basic hydroxide by condition- 
ing in water, an unstable ammonium hydroxide is 
produced. It is known that alkylammonium hydro- 
xides decompose via Hofmann degradation [17]. This 
decomposition reaction is not as effective with 
alkylammonium ions that exhibit ethyl or propyl 
groups instead of the methyl group in the tridode- 
cylmethylammonium on. We are confident, herefore, 
that we will be able to improve the stability of the 
sensor membranes by synthesizing and investigating 
more stable catalysts for the humidity sensor. 
Conclusion 
The membranes described here provide a simple 
means of determining relative humidity. They are 
composed of a non-plasticized bio-compatible poly- 
mer containing the reactand and a catalyst which 
allows the adjustment of the sensitivity. The response 
time of the membranes in the range of 3-4 hours 
(without conditioning) prevents their use in optical 
sensors where faster esponses are required. However, 
these sensor membranes might find applications as 
probes for humidity. For this they are especially 
suitable since the reaction with water vapour is easily 
visible (colour change from red to yellow). Conse- 
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quently, the membranes might be used as indicator 
test strips for materials that should not be exposed to 
humidity. 
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